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The effect of running-in load (0.9 or 1.7 GPa) on surface characteristics of ground spur gears, and on their
development during subsequent efﬁciency testing (FZG rig), is examined. The effect was conﬁned to less than
10 μm depth. Micropitting was associated with surface asperities and their plastic deformation; higher running-in
load gave more micropitting, also after identical efﬁciency tests. Running-in increased unequal compressive re-
sidual stresses in both proﬁle and axial directions, while after efﬁciency testing they approached equal levels.
Deformation induced martensite is considered to form during running-in only at high load, still the amount after
efﬁciency testing increased with running-in load. Higher surface content of phosphorous from extreme pressure
additive (EP) occurred only after efﬁciency test following running-in at high load.1. Introduction
Running-in is known to smoothen surface asperities and enhance gear
efﬁciency. However, it will also affect the surface chemistry, residual
stresses and microstructure near the surface, factors that will inﬂuence
the efﬁciency and durability of the gear.
Gears are renowned for their high transmission efﬁciency in vehicle
applications. A recent study on heavy-duty vehicles indicated that 5.1%
of the fuel energy is accounted to overcome transmission friction, of
which gears alone consume 55% [1]. Hence, increasing gear efﬁciency
has become an active ﬁeld of research. Apart from design parameters, the
inﬂuence of surface topography on gear efﬁciency is also studied. For
example, Andersson, Petry-Johnsson and Britton [2–4] have found that
super-ﬁnished gears has signiﬁcantly improved efﬁciency compared to
ground gears.
Irrespective of manufacturing method, surface asperities will be
further smoothened through running-in and this will lead to better
conformity between mating gears. Andersson [5] found that the surface
roughness of both hobbed and shaved gears was altered by the running-in
process. However, the decrease in surface roughness was higher for
hobbed gears with higher initial surface roughness. Plastic deformation
and wear are the two important mechanisms that are responsible for
creating changes in surface topography during running-in, especially for
rolling-sliding contact [6]. As a consequence of modiﬁcation in topog-
raphy, the friction pair will tend to reach steady state condition with.
ay 2017; Accepted 10 May 2017respect to contact pressure, surface roughness, surface microstructure
and the establishment of effective lubricating ﬁlm at their interface [7].
Running-in of gears performed under controlled conditions has major
impact on durability and mesh efﬁciency. The effectiveness of running-in
depends on factors such as load, speed, physicomechanical properties of
material and lubrication medium [8]. Sj€oberg [9] showed that higher
running-in load yields higher gear mesh efﬁciency and has greater effect
on surface roughness parameters compared to a lower running-in load.
Cavatorta [10] and Kragelsky [8] also reported that increased load
signiﬁcantly increased the proportions of deformed asperities. However,
the initial wear of gear ﬂank was shown to accelerate with increasing
speed and contact pressure [5].
In general, gear pair in operation are in cyclic rolling-sliding contact.
Depending on the load magnitude, surface roughness and contact kine-
matics, the tooth ﬂank may experience failures in the form of pitting or
spalling [11]. Ariura et al. [12] reported that tooth surfaces are grey
stained prior to pitting and claimed the reason being the degradation of
the tooth proﬁle. Micropitting, or grey staining, can be explained as fa-
tigue failure that typically starts with the generation of surface cracks
that propagate at a shallow inclined angle into the surface [13]. This
usually occurs during the ﬁrst 105-106 stress cycles, but with unfav-
ourable conditions or having a lubricant with too low load carrying ca-
pacity, micropitting can readily begin already after short running time
[14] even at moderate loads. Oila et al. [15] concluded, in a study con-
ducted on factors inﬂuencing micropitting in rolling-sliding contact, that
Table 2
Geometrical parameters of gears.
Parameter Gear Pinion
Number of teeth 24 16
Pressure angle () 20
Center Distance (mm) 91.5
Module (mm) 4.5
Face width (mm) 14
Pitch Diameter (mm) 109.8 73.2
Tip Diameter (mm) 118.4 82.5
Tip relief starting Diameter (mm) 115.9 80.3
Tip relief (μm) 20
Proﬁle shift 0.171 0.182
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ratio related more to propagation.
Oila [16,17] investigated micropitting in gears associated with
microstructural changes. He observed martensite decay i.e. formation of
dark etching regions (DER) and white etching bands (WEB) beneath the
plastically deformed regions (PDR) of asperities and proposed bound-
aries of PDR as preferential sites for microcrack initiation and propaga-
tion. Hoeprich [18] proposed that DER in contact fatigued gears was due
to plastic deformation and dislocation accumulation rather than micro-
structure/phase transformation. Bush [19] in his work on ball bearings
showed that no structural alterations occur below a threshold load.
Marked changes in residual stresses above this threshold was also re-
ported, though the measurements started 25 μm below the surface. In
addition, residual stress induced by surface treatment can also inﬂuence
contact fatigue of gears [20].
Lubrication oil with extreme pressure additives (EP) plays a promi-
nent role in the load carrying capacity of gears. Depending on the evo-
lution of surface topography with respect to the operating conditions, the
lubricant can protect gear surfaces by separating the gear pair involving
the formation a reaction layer. Krantz [21] studied the effect of speciﬁc
ﬁlm thickness (inﬂuenced by surface topography) on gear pitting life. He
found that the surface fatigue life was approximately 8 times longer for
gears operating with speciﬁc ﬁlm thickness above 2 compared to the ones
operating below 0.8. Furthermore, additives can form low shear strength
triboﬁlms over gear surfaces by adsorption and ultimately chemical
surface reactions. Formation of such ﬁlms prevents the asperity contacts
and reduce shearing of the metal, thereby minimising friction. A study
conducted on roller bearings showed that a running-in procedure with
higher rotational speed or lower load promoted triboﬁlm formation [22].
However, no such study has been found for gears, despite the typically
higher surface roughness and sliding ratio.
The main objective of this research initiative is to depict the evolution
of surface characteristics of ground gears for different running-in loads.
The work also addresses how these characteristics further develop and
may inﬂuence gear behaviour during the initial use, here represented by
efﬁciency testing. Examined characteristics include topography with
deformation of asperities and formation of micropits, residual stresses,
microstructural changes as well as surface chemistry related to the for-
mation of triboﬁlms. The very same gears have previously been tested in
a study in the inﬂuence of running-in on efﬁciency [9] and the results will
be compared.
2. Materials and experimental procedure
2.1. Materials, manufacturing and gears
Spur gears made of alloy 16MnCr5 were tested. The gears had been
case- hardened, tempered and ﬁnally hard ﬁnished by generating
grinding. The case depth was about 1 mm with a surface carbon content
of about 0.8 wt-%. The heat treatment and grinding parameters are
presented in Table 1.
The geometrical data of modiﬁed FZG C-Pt type spur gears used in
this study is presented in Table 2. The inclusion of tip relief made these
gears different from standard FZG C-Pt gears [23].Table 1
Processing parameters.
Carburizing 930 C, 8 h
Diffusion 850 C, 1 h
Quenching 135 C
Tempering 180 C, 3 h
Grind Machine LCS 300
Grinding Worm Corundum
Nr of passes 3
Cutting speed 59 m/s
Feed Rate 0.19 mm/tr
Nominal cutting depth 1 mm
462.2. Test rig details
An FZG back-to-back gear test rig with efﬁciency set-up was used for
performing running-in and efﬁciency tests (Fig. 1). Gears with the same
geometry were used in both the slave and test gearboxes. Two shafts are
used to connect slave gears and test gears; one of the shafts is separated
into two parts with a load clutch in between. Torque is applied to the
system by twisting the clutch with the help of lever and dead weights. All
analyses have been done on the driven gear wheel.2.3. Running-in and efﬁciency testing
The running-in procedure consisted of an inside power loop torque of
94 or 302 Nm (referred to as load stage 5 (LS5) and load stage 9 (LS9)
according to FZG manual guide [24]) for the pinion, at 0.5 m/s pitch
velocity (87 rpm for the wheel), dipped in a fully synthetic poly-alpha
oleﬁn (PAO) lubricant controlled at 90 C for 4 h. This amounts to
20 880 revolutions for the wheel. The torques correspond to Hertzian
pressures at the pitch of 0.9 and 1.7 GPa, respectively.
The efﬁciency test following running-in consisted of 32 conditions,
i.e. four loads and eight speeds. The test started with an inside power
loop torque of 0 Nm, sweeping through speeds 0.5, 1, 2, 3.2, 8.3, 10, 15
and 20 m/s pitch velocity for 5 min at each speed, using the same
lubricant and temperature control as in the running-in procedure. Once
the highest speed was tested, the same speeds were swept for 94, 181 and
302 Nm. The temperature was maintained at 90 C, but for one test
condition it was 120 C.
Andersson et al. [2] have calculated the ﬁlm thickness during
running-in and the different speed and load combinations which these
ground gears are subject to in this study. They reported a lambda ratio
(ﬁlm thickness over composite rms roughness) of approximately 0.1 for
both RI5 (LS5) and RI9 (LS9) tests. The running-in procedure is hence in
the boundary condition. During the efﬁciency testing lambda ranges
from 0.1 to 1.5 for the different speed and load combinations [2]. The
efﬁciency procedure is run therefore through boundary and mixed
lubrication for the tested ground gears.
The detailed test matrix with the designation of individual tests isFig. 1. Schematic of FZG back-to-back gear test rig.
Fig. 2. Locations on gear tooth for residual stress measurements.
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in tests at corresponding load stages, whereas, RI5þE and RI9þE in-
dicates running-in tests followed by efﬁciency testing. For one speciﬁc
test condition RI5þE-120, the temperature was 120 C during the efﬁ-
ciency test.
Additionally, a static immersion test (SIT) was performed to investi-
gate additive adsorption on gear tooth surface. In this test, an as-ground
gear tooth was dipped in lubricant oil at 90 C for 4 hrs (similar to
running-in test time and temperature).
3. Characterization methods
3.1. Surface topography, proﬁlometer
Two different proﬁlometers were used to characterize the surface
topography of the gear tooth. The ﬁrst was a Form Talysurf PGI 800
(Taylor Hobson) used to perform 3D measurements before testing in
order to understand the overall topography of the tooth. The second was
a Form Talysurf 50 mm Intra 2. The latter was used for measuring the
surface topography in situ initially, after running-in and after efﬁciency
testing. Both proﬁlometers used 2 μm styli tips. More information on the
in situ method used can be found in Ref. [25].
3.2. Microscopy
Surface topography examinations and microstructural analyses of
gear teeth were performed by using scanning electron microscopy (SEM).
The instrument was LEO Gemini 1550 equipped with ﬁeld emission gun.
The imaging was done at an acceleration voltage of 5 kV. The micro-
structure was also examined by optical microscopy.
3.3. X-ray diffraction
Residual stress measurements were performed using a XSTRESS 3000
G2R diffractometer with a Cr-Kα X-ray source and the lattice de-
formations for {211} α–Fe peak was measured. Standard sin2 (ψ) tech-
nique [26] with ﬁve equi-sin2 (ψ) tilts from 45/þ45 was used for
determining the stress values. Measuring residual stress in gears is very
complex because of the involute proﬁle and the risk for interference of
incident and diffracted beams with the adjacent teeth. To avoid these
complexities, gear teeth were cut out from gear wheel. The stresses were
measured in both proﬁle and axial direction of the gear tooth. For gears,
pure rolling occurs along the pitch-line, positive sliding along the
addendum and negative sliding along the dedendum regions [27].
Therefore, measurements were done at three different positions in proﬁle
direction, all close to the centre of face width in axial direction. The
positions for the measurements along with their designations are illus-
trated in Fig. 2. To measure the subsurface stresses, layer of material was
removed stepwise by electrochemical etching using a 3 M NaCl solution
as electrolyte. The etched area was 3.5 mm in diameter and a collimator
with diameter 1.5 mm was used for irradiating X-rays. After every step, a
stylus proﬁlometer was used for measuring the depth, shape, and
roughness of the hole.
The volume fraction of retained austenite was also measured using
XSTRESS 3000 G2R. The exposure time was set to 30 s with a 1.5 mmTable 3
Detailed test matrix with designations.
Test Designation Running-in Efﬁciency
LS5 LS9 90 C 120 C
RI5 x
RI9 x
RI5 þ E x x
RI5 þ E-120 x x
RI9 þ E x x
47collimator, an inclination of þ45 and scanning ±85 with 15 steps. The
peaks of the diffraction planes {200}γ, {220}γ and {200}α, {211}α were
used for the analysis. For depth analysis the same etching procedure as
for residual stress measurements were employed. The retained austenite
was only characterized at dedendum, at the same position as the stresses.
3.4. Surface chemistry
Surface chemical analysis and compositional depth proﬁling on the
gears tested for different conditions were done by X-ray photoelectron
spectroscopy (XPS) using a PHI 5500 spectrometer, operated with
monochromatic Al Kα (1486.6 eV) source and the aperture set to give an
analysis area ~0.8 mm in diameter. For measurements, tooth from the
gear wheel was cut out, cleaned in ultrasonic bath with ﬁrst xylene and
then ethanol for 5 min each. Argon ion etching was used for depth
proﬁling with etch rate as calibrated on Ta2O5. Both survey spectra and
high resolution spectra were acquired at each depth. Measurements were
executed at tip, pitch and dedendum surfaces. Stainless steel masks with
involute shape were used to reproducibly position the analysis areas and
protect the remaining surface from ion etching. To maintain the take off
angle at 45, with the sample mounting used, the stage was tilted 0, 11
and 15 for dedendum, pitch and tip respectively.
4. Results
4.1. Gear surface topography
4.1.1. Surface topography of as-ground gear tooth
The grinding lay of an as-ground gear ﬂank is shown in Fig. 3. It
consist of adjacent peaks and valleys with irregular surface asperities
along the axial direction. These surface micro-features are considered to
play a prominent role in contact fatigue.
The 3D surface topography measured with the proﬁlometer can be
seen in Fig. 4. The same distinct ridges from grinding as found in the SEM
images is seen in these measurements.
4.1.2. Surface topography after running-in and efﬁciency testing
To demonstrate areas affected by micropitting, the macro-photo of
gear tooth (driven gear) after the efﬁciency test RI9þE is shown in Fig. 5.
Micropitting is extensive between the white lines at dedendum, close to
end of active proﬁle (EAP).
To compare the evolution of surface topography, the dedendum gear
surfaces along the EAP for different test conditions are shown in Fig. 6.
The stitched SEM micrographs reveal that micropitting occurred readily
Fig. 3. Surface topography of an as-ground gear tooth, higher magniﬁcation SEM
imaging.
Fig. 4. Surface topography (3D) of an as-ground gear tooth as measured with
proﬁlometer.
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compared to RI5. It can also be observed that the degree of micropitting
increased after efﬁciency testing. For test condition RI9þE coalescing
micropits had formed close to one another, whereas for RI5þE a multi-
tude of micropits some distance apart can be seen. The efﬁciency testing
at 120 C resulted in a very smooth surface with less micropits compared
to testing at 90 C. The morphology of micropits at dedendum isFig. 5. Macro photo of gear tooth after RI9þE.
48illustrated in Fig. 7. It is seen from the micrographs that the growth of
micropits was opposite to the sliding direction, in accordance with ref.
[28]. Furthermore, the high asperity peaks appears to be plastically
deformed and cover adjacent valleys.
Fig. 8 shows the surface topography at tip surface with one micro-
graph for each condition. Different deformation patterns can be seen, but
at this magniﬁcation, the area proportions are not representative. It is
interesting to see that after RI5 the topography still resembles the as-
ground condition indicating limited plastic deformation. Micropits
appeared at the tip surface for RI9. After efﬁciency test RI5þE the
grinding lay cannot be seen in some areas where plastic ﬂow in proﬁle
direction have occurred, without any micropitting. A similar appearance
though with a smoother surface is visible after RI5þE-120, while RI9þE
has more micropits than any other test condition also at the tip.
The SEM micrographs close to the pitch line revealed some scattered
micropits for all test conditions except for RI5. Otherwise, plastic
deformation was seen prominently. As an example, a SEM micrograph
from RI5þE is shown in Fig. 9. It can be observed that asperities are
plastically deformed downwards in the direction of sliding and appears to
cover valleys in the grinding lay. Thus, both the peaks and valleys are
smoothened, but the material is strongly deformed.
4.1.3. Surface roughness
Surface roughness parameters for the surfaces shown in the SEM
micrographs above are presented in Table 4. These parameters were
measured in-situ with the Form Talysurf Intra 50 mm on as-ground gears
(initially), after running-in, and after efﬁciency testing. The in situ
method allows the measurement of surface parameters without disturb-
ing the overall assembly of the gearbox. Overall, a smoother surface was
measured for RI9, when compared to RI5, which is in line with what is
presented in Figs. 6 and 8.
The data, however, is not as conclusive when analysing the results
after efﬁciency testing. After efﬁciency testing at 90 C, the surface shows
further smoothening, especially when comparing the Rpk values. Instead,
for RI5þE-120 an overall rougher surface is shown in the roughness
parameters, which apparently contradicts what is seen looking at the
asperities in Figs. 6 and 8. This discrepancy can be attributed to local
roughening (damage) that occurs after efﬁciency testing along part of the
5 mm long proﬁle, while other parts are smoothened [9]. Fig. 10 shows a
shorter surface segment and indicates how individual asperities have
been worn off after running-in.4.2. Residual stresses
The residual stress proﬁles measured in both proﬁle and axial direc-
tion of an as-ground tooth are shown in Fig. 11. It is evident from the
graph that the stresses in both directions were compressive. However, the
surface stresses induced by grinding in proﬁle direction were more than
twice those in axial direction. Below the surface, i.e. from about 5 μm, the
stress levels are quite similar in both directions. After running-in, the
compressive residual stresses had increased in both directions but only in
a layer very close to the surface. Fig. 12 shows that RI5 gave higher
surface stresses in proﬁle direction than RI9, while the opposite occurred
in axial direction. Notably, the dedendum surface had higher stresses in
both directions compared to tip and pitch. The residual stresses changed
also after efﬁciency testing but again the change was conﬁned to the
outermost 5 μm (not shown).
Actually, the distribution of the residual stresses at the surface have
been mapped over the gear ﬂank on these gears, see Ref. [29]. Fig. 13
summarizes the stresses at dedendum in three points in axial direction.
It illustrates how the stresses increased in both axial and proﬁle direc-
tion after running-in (arrows on left side). After efﬁciency testing, for
both RI5 and RI9, the stresses decreased in proﬁle direction and
increased in axial direction towards a rather uniform stress level of
about 450 MPa.
Fig. 6. Surface topography of dedendum surfaces after testing at different conditions a) RI5, b) RI5þE, c) RI5þE-120, d) RI9 and e) RI9þE. “S” in the ﬁgure indicates the sliding direction.
Fig. 7. SEM micrographs showing micropitting at dedendum after efﬁciency testing a) RI9þE and b) RI5þE. “S” indicates the sliding direction.
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The microstructure of the case hardened layer consists of plate
martensite and about 20% retained austenite. The depth proﬁles of
retained austenite measurements at dedendum surface for as-ground and
efﬁciency test conditions are shown in Fig. 14. It is evident from the
graph that no transformation of retained austenite can be quantiﬁed by
means of XRD even after efﬁciency testing.
For every test condition except RI5, the metallographic investigations
revealed the presence of a distinct structure near the teeth surface that
was not present on as ground gears. Fig. 15 shows microstructures near
the surface for RI9 and RI9þE, where the distinct features are indicated
with dotted lines. Their morphology consists of parallel bands, some-
times intersecting, with sharper contrast and edges than in the plate
martensite. They appear very close to the surface and extended to a
maximum depth of about 7 μm. Though it is difﬁcult to quantify the small
amounts, more of this structure was formed after the efﬁciency tests and49in particular for RI9þE. The morphology resembles that of deformation
induced martensite in stainless steel [30]. Formation of deformation
induced martensite from retained austenite has been observed after fa-
tigue testing of case carburized gears [31]. The features observed here
are also considered as deformation induced martensite as further dis-
cussed below.
Etched cross sections of tested gears examined under light optical
microscope revealed no features like dark etching regions or white
etching bands. However, surface features where no martensite plates can
be seen were observed at high magniﬁcation using SEM. These features
were observed for all efﬁciency test conditions, examples are indicated
with white dots in Fig. 16. They were observed randomly along the
proﬁle of gear tooth but slightly more prominent at dedendum. These
features are typically around 4 μm inwidth. It has been suggested that the
accumulation of plastic deformation is a reason for this type of structural
feature, referred to as plastic deformation region (PDR) [17].
Dedendum cross sections of gear teeth cut along the proﬁle direction
Fig. 8. Surface topography of tip surfaces after testing at different conditions a) RI5, b) RI9, c) RI5þE, d) RI9þE and e) RI5þE-120. “S” indicates the sliding direction.
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the dedendum caused the surface below the asperities to deform and ﬂowFig. 9. SEM micrographs showing plastic deformation at pitch afte
50in the direction of sliding. Wedges that may cause stress concentrations
were also seen and sometimes connected with small cracks, most clearlyr efﬁciency testing RI5þE. “S” indicates the sliding direction.
Table 4
Surface geometrical parameters of tested gears.
Initial RI9 RI5 RI5þE RI5þE120 RI9þE
Mean STD Mean STD Mean STD Mean Mean Mean
Ra 0.30 0.09 0.26 0.03 0.33 0.11 0.24 0.51 0.30
Rz 2.31 0.54 2.06 0.31 2.41 0.64 1.76 2.41 2.24
Rpk 0.28 0.03 0.20 0.07 0.27 0.04 0.15 0.62 0.23
Fig. 10. Example of proﬁle measurements comparing as-ground (initial) with after
running-in.
D. Mallipeddi et al. Tribology International 115 (2017) 45–58seen for RI9þE. In the outermost part (less than a micron in depth),
martensite plates in the deformed region were distorted in the
sliding direction.
Short microcracks limited to the thickness of martensite plates were
observed both on as-ground gear (Fig. 18, left) and for other test
conditions.
Longer cracks were only observed for RI9þE near dedendum. Fig. 19
shows cross sections both in proﬁle direction and in axial direction close
to SAP. In the section cut in axial direction, multiple surface cracks that
extend some 10–20 μm into the material can be seen. This is the region
where extensive micropitting was seen for the same condition as in Fig. 6.Fig. 11. Residual stress proﬁles of an as-ground
Fig. 12. Residual stress proﬁles after runnin
51The sliding shown in Fig. 17 is perpendicular to this cut and therefore
not seen.
In sections cut in proﬁle direction large cracks were observed to a
depth of approximately 380 μm with minimum length of 250 μm
(Fig. 19), still only for RI9þE near dedendum. Similar cracks were
observed on some of the multiple sections of this kind from different
teeth. Etching on these sections (not shown) revealed that some long
cracks passed through martensite plates in the same manner as the short
cracks (Fig. 18). Inclusions were also found along the cracks, see Fig. 20.4.4. Surface chemistry
The surface analysis results will be presented as XPS depth proﬁles.
For the tested gears no difference were found between tip, pitch and
dedendum. Hence, results for the later were selected to represent the test
conditions.
A depth proﬁle for as-ground tooth are shown in Fig. 21a. The surface
was rich in C, O and Fe but the supposed Fe-oxide was limited to a few
outermost nm for all conditions. Carbon was removed after the ﬁrst etch
cycle. This is typical for contamination, but it cannot be excluded that
some C from the lubricant remain after cleaning of the sample. The
alloying elements Cr and Mn were also detected. These elements are
presented in the upper part of all Figs. 21–23. However, the focus here
will be on other elements, in particular those from lubrication additives,
presented in the lower part. The most characteristic elements for the as-
ground tooth was S and Si. Still, N, Al, P, Ca, and F were also recorded intooth in a) proﬁle and b) axial direction.
g-in in a) proﬁle and b) axial direction.
Fig. 13. Surface residual stresses for three points in axial position at dedendum for different test conditions in a) proﬁle and b) axial direction.
Fig. 14. Retained austenite proﬁles after efﬁciency tests compared to as-ground
condition.
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down to about 5 nm below the original surface. Fig. 21b shows depth
proﬁles after static immersion test (SIT). Again, the highest amounts in
the lower proﬁle were recorded for S and Si, but the most signiﬁcant
difference compared to the as-ground tooth was the presence of P within
the outermost 2 nm. Furthermore, higher N content was observed at the
surface. For the other elements, the proﬁles were similar to the as-
ground condition.
More P from EP additive was observed after running-in, see Fig. 22.Fig. 15. Deformation induced martensite ob
52The concentration and proﬁle shape for P were similar for RI5 and RI9
with >1 atomic percent found down to approximately 10 nm below the
original surface. Notably, less S was found after running-in than before
but in similar amounts between running-in tests. The N proﬁles were
similar between running-in tests and SIT. A distinctive feature to be
observed between running-in tests is Si, which follows P with similar
amount for test condition RI5 but not for RI9.
The most interesting result from the surface analyses is possibly the P
proﬁles after efﬁciency testing (Fig. 23). After RI9þE, P is present much
deeper into the surface and at higher concentrations than for other
conditions. In contrary, after RI5þE less P was present than even after
RI5. Signiﬁcant amounts of Ca were also recorded after RI9þE.
Regarding Si a similar trend was found as after running-in; signiﬁcant
amounts after RI5þE and less after RI9þE. The proﬁle for RI5þE-120
(not shown) was similar to that for RI5.
5. Discussion
Ideally, running in should smoothen the asperities and contribute to
the formation of a triboﬁlm that both improve the efﬁciency at the same
time as the process increases the compressive residual stresses that may
enhance the fatigue life. The running-in processes studied here have
smoothened the asperities through plastic deformation and increased the
level of compressive residual stresses. However, the stress change was
conﬁned to a few microns and the process also initiated the formation of
micropits. Only limited reactions with the EP additives in the lubricant
occurred during the running in.
The smoothening of the asperities can consistently be seen from both
the proﬁlometer measurements and the SEM micrographs. The main
advantage of the proﬁlometry is the quantiﬁcation of the results, and that
it can be done in situ to follow a test. Detailed observation as in Fig. 10served after a) RI9 and b) RI9þE test.
Fig. 16. SEM images with encircled plastic deformation regions at the surfaces for different test conditions a) RI5þE, b) RI9þE and c) RI5þE-120.
Fig. 17. Surface deformation at dedendum after a) RI5, b) RI5þE, c) RI9 and d) RI9þE test.
D. Mallipeddi et al. Tribology International 115 (2017) 45–58also give quantitative information about individual asperities. Still, the
SEM is vital to understand the deformation that affects the gear surface.
The plastic deformation of the asperities in the sliding direction during
running-in can be seen both in top views (e.g. Figs. 6 and 8) and in cross
sections (Fig. 17). As can be expected the deformation was more severe
after RI9 than RI5 since higher load raises the contact stress at the
asperity level. After efﬁciency testing, the asperities were further
smoothened. Test condition RI5þE-120 gave the smoothest surface at
both tip and dedendum compared to other efﬁciency tests. Even though
there was a bit more P on RI5þE-120 than RI5þE it was far less than for
RI9þE. The established microstructures and residual stresses for RI5þE-53120 and RI5þE were rather similar. Altogether, it remains unknown why
the efﬁciency test at 120 C gave a more even surface.
The plastic deformation has also affected the microstructure. The as-
ground gears have a plate martensitic structure with about 20% retained
austenite. For all test conditions except for RI5 deformation-induced
martensite was considered to formed close (<7 μm) to the surface and
more so after the efﬁciency tests and in particular for RI9þE. Olson and
Cohen [32] suggested that applied stress can induce martensitic trans-
formation either by stress-assisted or by strain-induced mechanism. The
reason for the absence of deformation-induced martensite in RI5 might
be that the contact stresses did not provide the required driving force
Fig. 18. Microcrack through a martensite plate a) as-ground condition and b) longer crack going through a martensite plate after RI9þE test.
Fig. 19. Surface and subsurface cracks at dedendum after RI9þE test.
D. Mallipeddi et al. Tribology International 115 (2017) 45–58needed for the transformation. Shaw [31] studied the inﬂuence of
retained austenite on the fatigue performance of case carburized gears. In
that study, helical gear containing 60% retained austenite was tested
with a contact stress of 1.455 GPa. After 32 million cycles of fatigue
testing, 30% of the retained austenite was transformed to martensite.
However, the transformation was limited to a shallow depth of around
10 μm. They also concluded that stress or strain induced martensitic
transformation associated with 4% volume increase was a reason for
increasing compressive residual stresses. Similarly, in the present study
the transformation of retained austenite was also conﬁned to shallow
depth. The transformed percentage is so low that it is hard to determine
statistically by using XRD. However, even a small fraction of trans-
formation may contribute to increase the compressive residual stresses54and the results show that a running-in cycle can be designed to ach-
ieve this.
In addition to deformation induced martensite, Fig. 16 depicts the
formation of plastic deformation regions (PDR) at the surface. These
regions were observed only for efﬁciency test conditions. In this study no
dark etching regions have been noted at the edge of the PDR and no
initiation of microcracks have been associated with them. Such a
mechanism has been suggested by Oila [17] after testing with loads
similar to RI9 but for higher number of cycles.
Apart from smoothening and structural changes, the plastic defor-
mation also led to the formation of micropits already after running-in.
Thus, initiation of micropits needed less than 20 880 cycles. Micropits
formed at dedendum for both RI9 and RI5 (to a lesser extent), but only for
Fig. 20. Cracks connected to inclusions in RI9þE test a) short crack connected to inclusion b) both short and long cracks connected to two different close by inclusions.
Fig. 21. XPS depth proﬁles of a) an as-ground tooth and b) after static immersion test.
Fig. 22. XPS depth proﬁles after running-in a) RI5 b) RI9.
D. Mallipeddi et al. Tribology International 115 (2017) 45–58RI9 at the tip. This indicates the inﬂuence of running-in load on the
initiation of micropits. Martins et al. [33] studied the evolution of
roughness during micropitting tests and also observed micropitting after
running-in. In that study, FZG-C type spur gears with high surface
roughness of 1.45 μm Ra were used instead of 0.3 μm Ra. The running-in55parameters were 0.5 GPa Hertzian pressure, 80 C and 2250 rpm.
Micropitting was observed after 135 000 cycles, a substantially higher
number than in the current study. However, this was based on low
magniﬁcation images so it is reasonable to believe that the ﬁrst micropits
occurred at an earlier stage. Altogether, these studies are in reasonable
Fig. 23. XPS depth proﬁles after efﬁciency testing a) RI5þE b) RI9þE.
D. Mallipeddi et al. Tribology International 115 (2017) 45–58accordance. Both show that the amount of micropits increased with the
load as seen here after efﬁciency testing. Thus, RI9þE has a higher
amount of micropits than RI5þE. Another important observation is that
the micropitting, as the asperity deformation, was more severe at
dedendum compared to tip surfaces. The severe contact conditions due to
negative sliding at dedendum [27], and the high load at the lowest point
of single tooth contact [28] can be possible reasons for dedendum being
more prone to micropitting.
The morphology of micropitting, see Fig. 7, conﬁrms that the
micropits are clearly related to the asperities and grow in the opposite
direction to the sliding force [28]. Micro-Hertzian stress ﬁeld below
contacting asperities act as a primary stresses that initiate micropitting
[18]. Both the normal force and sliding force acting on the asperity peak
should contribute to the stresses below the asperity. In conjunction, the
SEM cross section shown in Fig. 17 depicts the deformation of asperities
in the direction of sliding. Such folded asperities will result in sharp
angles where the stresses may be even more concentrated than with the
original shape of the asperities, leading to crack initiation. Evans et al.
[34] simulated surface fatigue damage of ground helical gears by
coupling elastohydrodynamic lubrication contact analysis with plane
strain fatigue and damage accumulation analysis. It showed that high
pressures generated during contact are associated with a particular
asperity and the distribution of pressure is narrow in width. In addition,
the maximum intensity of stresses occurs at a shallow depth of that
particular mating asperity. In simple words, the conclusion of the simu-
lation work was that the micropitting in gears is mainly due to fatigue at
the roughness asperity level.
The metallographic investigations revealed the presence of micro-
cracks in martensite plates on as-ground gears. These cracks are expected
to form during the heat treatment and martensite formation. When a
secondary plate forms with another variant of habit plane in the same
austenite grain, it can lead to cracking of the ﬁrst at the contact between
the plates [35]. This occurs mostly for large plates, just as seen in Fig. 18
with a crack through a larger plate at the contact with a smaller one. Only
for RI9þE at dedendum longer sub surface cracks down to a depth of
380 μm were observed. Some of these cracks also went through
martensite plates in the same way as the microcracks. It is reasonable to
believe that the microcracks have affected the growth of the subsurface
cracks as well as the inclusions that were also associated with them.
The compressive residual stresses that are beneﬁcial for the contact
fatigue of gears can evolve differently depending on the loading condi-
tions. Therefore, attention must be paid on the distribution and evolution
of residual stresses in order to understand their inﬂuence on contact56fatigue. Primarily, on the surface of as-ground gear teeth, a non-equal
biaxial stress state was found with compressive stresses in proﬁle direc-
tion more than twice those in axial direction. However, the depth proﬁles
showed that from about 5 μmbeneath the surface there is no difference in
stress levels between proﬁle and axial direction. This conﬁrms that
deformation created by grinding process is conﬁned only to the surface
layer. A similar trend for surface stresses was observed in a round robin
study [36] that included determination of residual stresses induced by
hard ﬁnishing. The case stresses deeper in were about 300 MPa. After
running-in, the compressive residual stresses increased in both proﬁle
and axial directions as compared to as-ground gear. Higher running-in
load induced higher stresses in axial direction and lower stresses in
proﬁle direction. After efﬁciency testing the compressive residual
stresses had increased further in axial direction and decreased in proﬁle
direction so the difference in stress levels between directions was
reduced further. However, in line with the running-in tests the inequality
in stress levels were lower for RI9þE compared to RI5þE. The trend to
more equal stresses with increasing number of cycles, as after efﬁciency
testing, has been reported for contact fatigue tested gears, but for higher
loads andmuch higher number of cycles [36]. There, the axial stresses for
ground gears increased while the proﬁle stresses for honed gears
decreased to a common interval of 450–600 MPa in both directions,
irrespective of manufacturing process, after 10.5  106 cycles. The in-
depth residual stress proﬁles conﬁrmed that change in stress levels dur-
ing testing was limited to the surface. Similar results were reported by
Batista et al. [20]. In that study, shaved helical gears, surface treated by
carbo-nitriding were tested for contact fatigue. After 30 hrs of testing, an
increase in compressive residual stresses was observed but only at the
surface i.e. down to 10 μm. Altogether, the running-in do contribute to
the residual stresses and both the load and the number of cycles affect the
results. However, as for other characteristics, the running-in is not an
isolated process and the residual stress levels continue to evolve during
usage of the gear.
Regarding the XPS depth proﬁles, it should be remembered that the
analysis area was about 0.8 mm in diameter, there was some roughness
on the samples and the surface ﬁlms may not be homogeneous. The
roughness gives higher contact pressures at the asperity peaks that pro-
mote the reaction between the EP additives in the lubricant and the metal
surface. The ion etching will also be inﬂuenced by the roughness. The
samples where oriented for maximal etch rate on the nominal surface
proﬁle, but in e.g. valleys in the grinding lay the angle of ion incidence
can give slower etching and in e.g. deep pits shading may occur.
Therefore, though the proﬁles show concentrations vs etch depth, they
D. Mallipeddi et al. Tribology International 115 (2017) 45–58may be interpreted rather as indications of surface coverage, than con-
centrations in a homogeneous layer with uniform thickness.
All elements found were observed already in the as-ground condition.
In particular, there was more S before than after gear testing. Thus, it is
supposed that the surface chemistry for the very initial running-in will be
set by the grinding coolant and its additives rather than the trans-
mission oil.
Then, the chemistry develops depending on the testing. The detailed
composition of the oil and the additives used are not known and there-
fore it can be difﬁcult to distinguish which elements that may be con-
taminants. Hence, the origin of Al and F present on all surfaces is not
known, but they are not common contaminants in surface analysis. Sili-
con is often encountered as a contaminant in surface analysis, but here it
is recorded to similar depths as P, and it can be present in anti-foaming
agents in the oil. Though the later are not intended to interact with the
metal surfaces, it is assumed that the Si in the proﬁles is related to the
lubricant. Still, further analyses would be required to explain the dif-
ferences between conditions. Likewise, the observation of Ca should be
related to its use in detergent additives.
The amount of P on the surfaces increased after the static immersion
test, and further so after running-in to similar extent for both loads.
However, the amounts remained low and limited to a layer of about
10 nm. After efﬁciency testing RI5þE the amount of P was even lower.
Instead, some S, present in the oil additives, was observed together with
Si but the amounts remained limited. Only for RI9þE a substantial
amount of P was present in concentrations up to 9 atomic-% and still
noticeable after 20 nm etching. A signiﬁcant triboﬁlm seems to have
formed with the EP additives for this test condition.
Interestingly, when these gears were examined previously the highest
running-in load gave the highest mesh efﬁciency as well as the smoothest
surfaces in the following efﬁciency test [9]. Here, it was found that a
triboﬁlm with signiﬁcant amount of P was formed for the same condition,
RI9þE. Furthermore, the surface topography trend was conﬁrmed by
SEM imaging. However, it was also found that both sub-surface cracks
and more micropits were formed during the efﬁciency test that followed
running-in at higher load.
6. Conclusions
In this study, the effect of load on the evolution of surface charac-
teristics during running-in and initial usage (efﬁciency testing) was
studied. The conclusions are as follows:
➢ In general, the running-in and efﬁciency test inﬂuenced the surface
characteristics to a layer limited to <10 μm.
➢ The surface asperities were smoothened through plastic deformation
while micropitting occurred readily after running-in.
➢ Higher running-in load gave more micropitting, also after identical
efﬁciency tests.
➢ Micropitting was associated with asperities. Folded asperities will
result in sharp angles where the stresses may be even more concen-
trated than with the original shape of the asperities, leading to crack
initiation.
➢ No connection between micropitting and phase transformation was
found.
➢ Plastically deformed regions were observed down to 5 μm after all the
efﬁciency test conditions, but no cracks were associated with these
regions.
➢ For all the tested gears, the evolution of residual stresses was conﬁned
to the surface layer of about 5 μm. Running-in increased the surface
stresses in both proﬁle and axial direction. After efﬁciency testing the
difference in stress levels between directions was further reduced to
approach similar levels.
➢ Deformation induced martensite was formed during running-in only
at high load. The amount formed after efﬁciency testing increased57with running-in load. The transformation was conﬁned to a surface
layer <7 μm.
➢ The formation of triboﬁlms was limited after running-in. Higher
amount of P, supposedly from EP additive, was only observed for the
efﬁciency test condition that was run at higher running-in load.
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